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& Paul B. Sigler™

Structural determinants for activation of the

a-subunit of a heterotrimeric G protein
avid G. Lambright, Joseph P. Noel ', Heldi E. Hamm'

' The Department of Molecular Biophysics and Biochemistry and the Howard Hughes Medical Institute, Yale University, 295 Congress Avenue,
joyer Center for Molecular Medicine, Room 154, New Haven, Connecticut 06510, USA
Department of Physiology and Biophysics, University of Illinois at Chicago, Chicago, lllinois 60612, USA

uperfamily.

The 1.8 A crystal structure of transducin o-GDP, when compared to that of the activated
complex with GTP-vS, reveals the nature of the conformational changes that occur on activation

& heterotrimeric G-protein a-subunit. Structural changes initiated by direct contacts with
he terminal phosphate of GTP propagate to regions that have been implicated in effector
activation. The changes are distinct from those observed in other members of the GTPase

HETEROTRIMERIC guanine-nucleotide-binding proteins (G pro-
eins: subunits @ 8y) function as molecular switches in a diverse
et of signalling pathways by coupling seven-transmembranec-
elix receptors (heptahelical receptors) to specific intracellular
flectors. The transduction of signals depends on the ability of
he @-subunits to cycle between a resting (GDP-bound) confor-
mation primed for interaction with agonist-stimulated receptors
nd an active (GTP-bound) conformation capable of activating
t. inhibiting a variety of downstream effectors including
nzymes as well as ion channels'?. In response to extracellular
rials (such as hormones, neurotransmitiers, opiates, odorants
d light), heptahelical receptors catalyse the exchange of GTP
GDP, resulting in an active conformation with high affinity
or specific downstream effectors and greatly reduced affinity for
he By subunits’.

“One of the best characterized heterotrimeric G-protein-coup-
:d systems is the visual cascade of retinal rod outer segments*®.
Here. signal transduction begins with the absorption of a photon
the 11-cis-retinal chromophore of the photoreceptor rhod-
psin (Rh). Rapid photoisomerization to all-trans-retinal trig-
ers a series of structural changes that lead to the formation of
he activated intermediate meta-rhodopsin IT (Rh*). Rh* binds
he heterotrimeric GDP-bound form of transducin (Gi,p,) and
atalyses the exchange of GTP for GDP, resulting in the dissoci-
tion of Gyup, into Gy, - GTP and Gig,. G- GTP, in turn, binds
o and activates a potent cyclic GMP phosphodiesterase (PDE;
ubunits afy;) by displacing its inhibitory y-subunits. The
¢sitlting decrease ‘in second messenger cGMP concentration
anses cation-specific cGMP-gated channels to close, leading to
yperpolarization of the rod outer segment membrane. As a
esult of an intrinsic GTPase activity, G, is inactivated by hyd-
olysis of GTP to GDP, returning the system 1o its resting state.
Heterotrimeric G proteins are members of a large superfamily
f GTPases which mediate diverse processes such as cellular
ignalling, protein synthesis, vesicular trafficking and synaptic
usion’. Crystal structures of the GDP- and GTP-bound forms
ave been reported for two members of the GTPase superfamily,
he motiomeric G protein p21™ (Ras)®'? and the bacterial elon-
ation factor EF-Tu'"'>*, In Ras, the conformational differ-
nees are restricted to the two regions of the protein that contact
he y-phosphate of GTP. In EF-Tu, by contrast, nucleotide
xchange is accompanied by a large domain rearrangement.

To whom correspondence should be addressed.

Present address: Structural Biology Laboratory, The Salk Institute for
ivlogical Studies, PO Box 85800 San Diego, California 92186-5800,
SA.
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To establish the nature of the conformational change induced
by the exchange of GTP for GDP and‘the switch mechanism by
which the presence or absence of the y-phosphate defines the
‘active’ or ‘inactive’ state of a (G, subunit, it is necessary to
compare the crystal structures of the GDP- and GTP-bound
forms. We recently determined the structure of the active confor-
mation of transducin-g complexed with a non-hydrolysable
GTP analogue (G, - GTP-yS)"*. We now report the crystal
structure of the inactive form, transducin-a comple. .d with
GDP (G, - GDP). The structures of both the active and inactive
forms have been refined to a resolution of 1.8 A, enabling us to
describe in accurate detail the nature and mechanism of the
conformational switch in a heterotrimeric G-protein a-subunit
and the functional implications for interaction with other com-
ponents of the signalling cascade.

Structure determination and refinement

A 325-amino-acid proteolytic fragment (lacking the first 25
amino acids) of bovine retinal rod outer secgment Gy, , complexed
with either GDP or GTP-yS and suitable for crystallization,
was prepared by limit digestion with a lysine-specific protease,
endoproteinase lysC'*. To prevent additional cleavage during
limit digestion, G, GDP was reversibly activated with alumin-
ium fluoride'® which was subsequently removed by ultrafiltra-
tion. Crystals of G- GDP in the orthorhombic space group
1222 were grown at 4 °C from sodium 2-(N-morpholino)ethane-
sulphonate(MES)-buffered solutions (pH 6.0) containing 10%
polyethylene glycol-8000 (PEG 8000), 10% glycerol, and 0.2 M,
MgCl,. Monoclinic crystals of G, - GTP-¥S (space group P2, ;
3 complexes per asymmetric unit) were grown as described'”.
The crystal structure of G,,- GDP was solved at 4 A by
molecular replacement using the G- GTP-¥S structure refined
at 2.2 A resolution'? as a search model (Table 1). Both structures
have been independently refined with simulated annealing
against data which arc >90% complete from 8.0 to 1.8 A resolu-
tion (Table 1). The present model for G,,- GDP includes 314
residues from 27-340, a GDP molecule, 2 Mg”" ion, 339 water
molecules and has a final R-value of 21.1% for all data (18.7%
for data >20) and a free R-value of 23.6% (21.1% for data >2c)
for a randomly selected subset (10%) of the data omitted before
the start of refinement. An example of the 2F,~F. electron
density map-is shown in Fig. 2¢. Intensities for G, GTP-¥S
were collected and the refincment extended from the 2.2 A reso-
lution limit reported previously to the present resolution of 1.8 A
(Table 1). The current model for G, - GTP-yS, which covers all
three complexes in the asymmetric unit, includes 952 residues
(26-342 for protomers a and b; 26-343 for protomer c), three
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GTP-yS molecules, three Mg2+ ions, 1,226 water molecules and unique to the highly homologous family of heterotrimeric G.
has a final R-value of 22.9% for all data (21.1% for data >20),  proteins'’, The GTPase domain consists of five helices (a1-¢3)
and a free R-value of 27.6% (25.8 for data >2¢). Both structures surrounding a six-stranded B-sheet (B1-$6) with five strands
have excellent stereochemistry and ¢-y angles within 10° of  running parallel and one (82) running antiparallel to the otherg
allowed regions of the Ramachandran plot. Procedural details In contrast to Ras and EF-Tu, the second of the five helices iri
of the structure solution and refinement are given in the legend Guq (@2) is a 3, helix rather than an a-helix. The helical domain

of Table 1. has an entirely a-helical secondary structure with one long cen.
Overall structure and nucleotide binding tral helix (@A) surrounded by five shorter helices (aB-oF) ang
The fold of G.,, whether complexed with GDP or GTP-yS, is linked to the GTPase domain by two extended strands, linker
consists of two domains (Fig. 1), a GTPase domain common to 1 (54-58) and linker 2 (173-179). Between these two domaing

members of the GTPase superfamily and an «-helical domain

FIG. 1 Structural differences be-
tween the inactive and active
forms of G, . a, Ribbon drawing of
Gi."GDP (inactive conformation)
with the three switch regions (i, Il
and 1Il) highlighted in blue and the
GDP in purple. b, Ribbon drawing
of Gy, GTP-yS (active conforma-
tion) with the switch regions high-
lighted in blue, GTP-¥S in purple,
and the y-phosphate in yellow. The
two loop regions that have been
implicated in the interaction Gy,
with PDEy (see text) are indicated
with yellow labels. Also shown
{purple labels) are the correspond-
ing locations in Gy, of the three
loop regions that have been impli-
cated in the interaction of G, with
adenylyl cyclase (AC). ¢, Stereo
view showing the Ca traces of the
GDP- and GTP-yS-bound forms of
Gy, superimposed by least-squares
and oriented as in a. Both mol-
ecules -are shown in green except
for the switch regions which are
highlighted in cyan for the GDP-
bound form and yellow for the GTP-
yS-bound form. The labels indicate
the respective . locations  of
selected ¢ carbons in the two con-
formations. d, Stereo view of the
Gy 'GDP  and G, 'GTP-¥yS Ca
traces rotated about a-vertical axis
by ~80° relative to the view in ¢.
The a carbons of R204, K205 and
K206 are indicated by white, red
and green circles, respectively.
Note the ~80° rotation of these

residues on going from the inactive (cyan) to the active (yellow) confor- and red boxes, respectively. The corresponding secondary structure for
mation. e, Primary sequence alignment. Residues in the three switch the G,,-GDP is shown below the aligned sequences. Sources oOf
regions are highlighted in light blue. Residues involved in conserved sequence information: bovine G,>*, bovine G,>?, bovine G,,*", bovine
contacts to the y-phosphate and switch 1l region are indicated by blue Goa™®, MOUSE Goo>®, human G,, "', yeast G,,*, p21 Ras® and EF-1U"

622

————

lies a deep cleft within which the nucleotide is tightly bound.

NATURE - VOL 369 - 23 JUNE 1994

Material may be protected by copyright law (Title 17, U.S. Code)



eric Ge
2 1-¢:5)
strands
others,
lices iy
lomain
g cen-
F) and
, linker
Omains
bound,

1994

ARTICLES

oel et al.”? suggested that the presence of the helical domain is
he barrier that accounts for the stow rate of intrinsic nucleotide
xchange (~10 *min™" at 30 °C for G, (ref. 41)), allowing it
o be controlled by the catalytic action of an activated receptor.
n heterotrimeric G proteins, GDP release is independent of
g?* concentration®’, whereas in Ras which lacks the helical
omain, GDP release is highly dependent on Mg**
ncentration®® (500-fold faster in nM than in mM Mg*™").

In addition to the bound nucleotide, both structures show
ear density for a Mg®™ ion with six ligands coordinated in

octahedral geometry. In the G,, - GTP-yS structure, the nucleo~
tide is essentially occluded from the bulk solvent and the Mg**

ion coordinates oxygens from the - and y-phosphates, the side
chains of Ser 43 and Thr 177, and two water molecules’®. In
the G,, GDP structure, however, two of the ligands, the y-
phosphate oxygen and the side-chain oxygen of Thr 177, are
replaced by water molecules. In addition, both linker 2 and the
B3-a2 loop are displaced from their respective locations in
the G,,- GTP-yS structure, resulting in greater solvent expo-
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TABLE 1 Structure determination and refinement
Rotation search

Refined PC(E2)

Euler angles Highest Highest
Search structure [OX [N @, peak False Peak
GTPase domain 80.9 65.2 42.1 8.40 3.80
Heiical domain 59.4 62.9 47.8 6.90 540
Both domains 60.0 65.8 43.2 8.80 230

Translation search

Refined PC(Y)
Fractional Coordinates Highest Highest
Space group L X y z peak false peak
1222 0.43 0.40 0.34 230 185a
1242424 0.43 0.14 0.37 160 160
. Gy,'GDP refinement
Resolution limit (A) 3.51 2.83 248 2.26 210 1.98 1.88 1.80 Total
Number of refiections 5,382 5,285 5,208 5,216 5,164 5,123 5,124 4,569 41,071
% Complete 100 100 100 99.9 99.7 99.1 98.8 88.9 88.3
oy 314 26.6 19.7 14.7 10.7 7.60 4.85 3.42 18.0
Rym 0.086 0.102 0.125 0.163 0.201 0.272 0.403 0.542 0.124
R-factor (all data) 0.198 0178 0.198 0.207 0.217 0.234 0.283 0.331 0.211
R-factor (date>2.00) 0.194 0.162 0.184 0.185 0.188 0.192 0.204 0.218 0.187
Free R-factor (all data) 0.231 0.203 0.219 0.222 0.236 0.267 0.320 0.350 0.238
Free R-factor 0.226 0.195 0.199 0.207 0.209 0.214 0.229 0.226 0.211
(data>2.0¢)
r.m.s. deviations Bond tengths 0.010 Bond angles 1.46
Gy,'GTP-¢S refinement
Resolution limit (A) 3.51 2.83 2.48 2.26 210 1.98 1.88 1.80 Totat
Number of reflections 13,384 13,193 12,874 12,407 12,093 11,768 11,506 11,367 98,592
% Complete 98.9 98.3 96.2 92.7 90.5 88.1 86.2 85.1 22,0
/o> 27.2 25.6 189 14.1 10.9 7.97 5.24 3.38 20.4
Reym 0.064 0.067 0.082 0.104 0.132 0172 0.243 0.337 0.077
R-factor (all data) 0.175 0.188 0.226 0.253 0.273 0.315 0.382 0.469 0.229
R-factor (date>2.0c) 0.175 0.187 0.218 0.239 0.25 0.271 0.290 0.301 0.211
Free R-factor (all data) 0.239 0.243 0.273 0.290 0.295 0.329 0.402 0.518 0.276
Free R-factor 0.239 0.241 0.266 0.276 0.278 0:289 0.299 0.319 0.258
{data>2.00)
r.m.s. deviations Bond lengths 0.008 A Bond angles 1.31°

Geapy Was isolated from photolysed bovine retinal rod outer segments (ROS) by selective extraction with GTP as described?’. Gy,-GDP was separated from G, hy
chromatography on a cibacron blue column (HiTrap Blue, Pharmacia; 10 mM Tris, pH 7.5, 6 mM Mgz=S0., 1 mM EDTA, 10% glycerol, 0.1% B-mercaptoethanol, step to
0.15 M NaCl for 23 column volumes to elute G, , and 0.15-1 M NaCl gradient over 10-column volumes to elute G - GDP). A 325 amino-acid fragment (residues 26-
350) of G, -GDP was prepared by endoproteinase LysC (Boehringer Mannheim) digestion of the full-length protein, reversibly activated with aluminium flouride (50 pM
AICI; and 15 mM NaF), for 12 h at 4 °C in 10 mM Tris, pH 7.5, 0.5 mM MgCl,, 10% glycerol, and 0.1% f-mercaptoethanol. The proteelytic. fragment was then purified
on Mono-Q (10 mM Tris, pH 7.5, 0.5 mM. MgCl,, 50 uM AICl;, 15 mM NaF, 10% glycerol, 0.1% B-mercaptoethanol, and 0.1-0.2 M NaCl gradient over 30 column
volumes) in the presence of aluminium fluoride which was subsequently removed by ultrafiltration. Diffraction quality crystals of Gy, -GDP in the orthorhombic space
group 1222 were grown at 4 °C in microseeded hanging drops containing 13.3 mg mi™ protein, 6% PEG-8000, 6.67% glycerol, 33.3 mM MES, pH 6.0, 133 mM MgCl;,
and 0.1% B-mercaptoethanol equilibrated against a reservoir of 9% PEG-8000, 10% glycerol, 50 mM MES, pH 7.5, 200 mM MgCl,, and 0.1% pB-mercaptoethanol.
Crystals appeared within 2 days and grew to maximum dimensions of 0.05 x 0.2 x 0.5 mm in 1-2 weeks. The unit cell dimensions are-a=71.9, b=87.8, c=143.1A
Crystals were stabilized in a cryosolution consisting of 20% PEG-8000, 30% glycerol, 200 mM MgCl,, and 0.1%f-mercaptoethanol and flash frozen in liquid nitrogen:
cooled liquid propane. Diffraction data to 1.8 A for G, GDP and G, - GTP-yS were collected at the X-25 beamline of the National Synchrotron Light Source at Brookhaven
National Laboratory, processed with DENZO (Z. Otwinowski), and scaled with SCALEPACK (Z. Otwinowski). Rotation searches with the GTPase and helical domains either
separately or together gave similar solutions after Patterson correlation refinermnent®®, indicating that the two domains have the same relative orientation in both
structures. A transiation search using both domains yielded a clear solution in the space group 1222 (but not 12,2,2,) with an R-value of 45% after rigid body refinemant.
Inspection of the difference electron density maps (2F,~F. and F,~F.) at this stage indicated several regions with poor density for main-chain atoms. These regions were
removed from the initial model which was then refined in stages of increasing resolution (from 2.8 to 1.8 in steps of 0.2 A) using a simulated annealing protocol with
an initial- temperature of 4,000 K. All computations for molecular replacement and subsequent refinement were done with X-PLOR 3.12°, Interactive model building was
done with the programs 0°° or Frodo®..

¢ E sl | Em S0 - <) Eotsl | Y En R >)
[<| Eovel® = | Earsf 2> )< Eml€l] * = <L EWiSI %%
where E,s denotes the normalized observed structure factors and £, denotes the normalized structure factors for the search model placed in a triclinic unit cell with

geometry identical to that of the crystal®.
Rsym=2n,<§lh—lnrﬂ>/zh,lhr where (|l — | is the average of the absolute deviation of a reflection 4, from the average I, of its symmetry and Friedel equivalents.

PC()=

hydrogen-bonding and van der Waals contacts to the base, (Phe 195-Thr 215) begins near the C terminus of B3, extends
ribose, and a- as well as S-phosphates are nearly identical in through a2, and includes the a2-B4 loop. Switch III (Asp 227-
both structures. Arg 238) spans the f4-a3 loop and occurs within a sequence

segment (I2) that is the second of four sequence inserts (I1-14)
Activation of an o-subunit with respect to the Ras sequence. The switch I and II regions
As shown in Fig. 1, the structures of G,,»GDP and G,,- GTP-  have counterparts in Ras®'® and EF-Tu'"'** by virtue of simi-
S are quite similar. In fact, if the switch regions described below lar contacts between the y-phosphate of GTP and two highly
are excluded, the r.m.s. deviation after superposition of the  conserved residues, Thr 177 in switch I and Gly 199 in switch
remaining 281 Ca atoms is only 0.8 A, Thus, to a good approxi- I1. Switch 111, by contrast, is unique to heterotrimeric G proteins
mation, the structural differences induced by nucleotide and the conformational changes in this region (described below)
exchange are localized to three adjacent regions on one face of  appear to occur as a secondary response propagated from switch
the protein (Fig. 1). Subsequently, we will refer to these regions II through a network of interactions, primarily ionic, that are
as switch I, II and TI1. Switch I (Ser 173-Thr 183) encompasses conserved in heterotrimeric (G proteins. With the exception of 2
linker 2 and extends partially into the 2 strand. Switch TI short stretch of residues (Gln 143-Asn 145) which in G, - GTP-

624 NATURE - VOL 369 - 23 JUNE 1894
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FiG. 2 Interactions involved in the switch from the GDP (cyan)- to GTP
yellow)-bound forms of G, . a, Local changes in structure required to
bring Thr 177 and Gly 199 into contact with the y-phosphate of GTP.
Except for Thr 177 (green), the side chains, including that of Arg 174
which also contacts the y-phosphate, have been omitted for clarity. b,
Rearrangements in the 81/83/52 region that couple the switch | and
| regions. ¢, View (rotated ~180° relative to that in b} of the
2|F.|—F.} electron-density map contoured at 1.50 (blue) and the
Fol-|F.| electron-density map contoured at 3.5¢ (red) for G,,-GDP
showing the hydrogen bond donated by the indole nitrogen of Trp 207
o the backbone oxygen of Gly 198 and the water-mediated interaction
between the 1 and A3 strands that is absent in the active conforma-
ion. The water molecule depicted in the model was omitted from F, in
he calculation of the difference electron-density maps. Phases were
calculated from the refined model.

¥S Bie in contact with the switch 1II region, both the conforma-
tion of the helical domain and its orientation with respect to the
GTPase domain are essentially unaffected by nucleotide
exchange. Likewise, the I3 and I4 regions are also unchanged.

Structural changes in the switch I region are induced by
hydrogen bonds between the y-phosphate of GTP and Thr 177
(Fig. 2a) and to a lesser degree the cholera toxin-sensitive residue
Arg 174. Specifically, the O3 oxygen of the y-phosphate accepts

of Thr 177, the oxygen of which is also coordinated to the Mg**

‘-ion, whereas the y-S interacts with the guanidylyl group of
- Arg 174. The structural changes occurring in the switch I region
. are conceptually simple. After nucleotide exchange, linker 2 is

drawn essentially as a whole towards the y-phosphate, bringing
the side chain oxygen of Thr 177 into the coordination sphere
of the Mg®* ion where it replaces one of the water ligands
observed in the structure of the GDP form. The average main
chain B-factor for residues in the switch I region is a factor of
2 lower in the G,, - GTP-yS structure, suggesting the importance
of the stabilizing contacts with the y-phosphate and Mg”* ion
to the active conformation.

Changes in the switch II region are initiated by a hydrogen

. bond between the peptide NH of Gly 199 and the y-phasphate
- of GTP (Fig. 2a). Gly 199 is located in a short loop preceding

a2 which in G, - GDP forms a severely distorted 3-10 helix that

'~ terminates in a type I reverse turn stabilized by a salt bridge
~ between His 205 and Glu212. Movements in this loop are
i coupled to structural changes in o2 through a hydrogen bond
. from the indole NH of Trp 207 to the backbone carbonyl of
- Gly 198 (Fig. 2¢). To bring Gly 199 into contact with the y-
- phosphate of GTP, the switch II region is both stretched and
“rotated (roughly a quarter turn anticlockwise when viewed from

the phosphate) relative to its conformation in G, GDP. The

 NATURE - VOL 369 - 23 JUNE 1994

hydrogen bonds from both the main-chain N and side-chain OH

net effects are to: (1) straighten 2 into a more ideal 3-10 helix
(Fig. lc, d); (2) disrupt the reverse turn at the end of 2 and
the associated interaction between His 209 and Glu 212 (Fig.
3¢, d); (3) bring the exposed side chains of the conserved resi-
dues Arg 20%, Arg 204 and Trp 207 into contact with conserved
residues in @3 that are unique to heterotrimeric G proteins (Fig.
3a, b). In G, - GTP-8, the guanadinium groups of Arg 201 and
Arg 204 ion pair with the carboxylate group of Glu 241, whereas
Trp 207 is buried between the side chains of Leu 245 and Ile 249.
A further consequence of the conformational twist in the switch
IT region is that the end of B3 (from Phe 195 to Gly 199) pulls
away from f1, disrupting one direct and one water-mediated
hydrogen bond (Fig. 2b). These disrupted interactions are
replaced by two new hydrogen bonds between £3 (the strand
preceding Gly 199 in switch II) and B2 (the strand following
linker 2 in switch I). The new hydrogen bonds couple the struc-
tural changes in the switch I and II regions, thereby lending
cooperativity to the switch mechanism. Contrary to our initial
expectations'?, the structural changes in the switch II region do
not propagate to 3. Instead, it appears that a3 serves as a rigid
scaffold for residues involved in stabilizing the active conforma-
tion of the switch Il region.

The changes in the switch Il region explain a variety of obser-
vations regarding the conformation of this region in solution.
For example, proteolysis studies show that G,,,- GDP is sensitive
to cleavage by trypsin'® at Arg204 and chymotrypsin'’ at
Trp 207, whereas both sites are protected against proteolysis in
the GTP conformation. Likewise, the amplitude of tryptophan
fluorescence for Gy, - GTP-vS is enhanced relative to that for
G, - GDP consistent with one of transducin-a’s two tryptophans
having a more polar environment in the GDP conformation'®.
Mutation of Trp 207 to Phe eliminates the fluorescence change
associated with activation'®, Both results would be expected
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from the switch I structural changes which rotate the Arg 204
and Trp 207 side chains from solvent-exposed conformations
into ordered .interactions with residues from- ¢3 and switch II1L.

Switch IT1 responds to switch II by forming an elaborate inter-
dependent network of polar interactions (Fig. 3¢, d) with func-
tional groups that have been positioned and firmly buitressed
by the GTP-induced rearrangements in the switch 11 region. The
carboxylate group of the conserved Glu 232 in switch III plays
a crucial role by forming a direct interaction with the backbone
amide of Arg201 as well as water-mediated interactions with
the guanidino NH of Arg204 and the carbonyl oxygen of
Gly 199 (Fig. 3d):

All of the critical residues for the conformational switch in
G., are also present in the other heterotrimeric G-protein a-
subunits, Consequently, we anticipate that the same basic switch
mechanism, including the coupling between the switch I and II
regions and the propagation of the switch II changes to the
switch III region, will hold for all members of the heterotrimeric
G-protein family.

implications for ‘release’ of activated G,

A characteristic consequence of nucleotide exchange in hetero-
trimeric G proteins is reduced affinity of activated G, for G, .

FIG. 3 Conformational changes in the switch 1l and Il regions showing
how the side chains of residues in a2 rotate from solvent-exposed
orientations iin the inactive (GDP-bound) conformation to form an exten-
sive interface with residues from the $4—a3 loop and @3 in the active
(GTP-yS-bound) conformation. a, Ribbon drawing of the a2-a3 region
in G, - GDP depicting the solvent-exposed side chains of the highly con-
served residues Arg 201, Arg 204, Trp 207 and Phe 211 in a2 and
Giu 241, Leu 245, lle 249 and Phe 255 in 3. The GDP is coloured

626

Extensive studies of the Gly 226 to Ala mutation in G, (Gly 199
in G.,), first identified as the H21A clone in $49 cells® and later
introduced as a site-specific mutation®', demonstrate that release
of Gyg, is a necessary event accompanying G, activation and
that the conformational changes in switch [I are important for
regulating affinity for Gg,. In neither conformation does
Gly 199 violate the ¢y angles permitted by residues with cp
substituents. However, a ¢f8 substituent cannot be tolerated at
this- position because it would result in an unfavourable sterie
interaction with the carbonyl oxygen of Gly 36 in the GTP but
not in the GDP conformation. Figure 4 shows that the GDP-
bound form has a cavity, formed by switch I, @3 and switch
111 residues, that closes in response to the GTP-induced changes
described above. The polar and non-polar residues in @2 pro-
trude as an open flap in the GDP-bound form and present a
potential binding site for G, that would be lost on nucleotide
exchange. One region of G, important for binding to Gy, is the
N terminus (see ref. 3) which is missing in cur proteolysed form
of G... A region adjacent to a2 has been implicated in Gy,
binding by a second site revertant at position 307 in the yeast
mating factor G, (corresponding to Gln 134 in G,) which
restores affinity for G, mutants that otherwise fail to interact
properly with G,”>*’. Morgover, a cysteine in the switch If

purple and the Mgz'+ ion appears as an orange sphere. b, Ribbon draw:
ing of the a2-a3 region in Gy, GTP-yS showing the extensive interface
formed between the side chains of residues in a2 and a3. ¢, Skeletal
model of the a2--a3 region showing a carbons and selected side chaing
in Gy, GDP. d, Same view as ¢ showing the interactions between the
Glu 232 carboxylate and the backbone NH of Arg 201 {direct hydrogen
bond) and the carbonyl of Gly 199 (water mediated) that couple switch
It to switch Il
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region of G,y (Cys 210 in Gy,) can be chemically crosslinked to
bound G(,ﬂ724. In the context of the structural changes, these
studies suggest that the switch II and perbaps the switch I region
may play a role in modulating affinity for the f7 subunits. The
concomitant decrease in affinity for receptor could result from
gither a direct interaction of the receptor with one of the switch
regions of G,, or, alternatively, as a consequence of the decreased
affinity for Gg, .

L2

implications for effector activation

At least one of the regions involved in effector interaction must
undergo conformational changes on nucleotide exchange. For
two well characterized G,—effector interactions, G, - GTP activ-
ation of cGMP phosphodiesterase (cGMP PDE) and G,,- GTP
activation of adenylyl cyclase, effector activation regions have
been inferred from biochemical® and mutational data'®?s,
Together these studies define a contiguous surface consisting of
residues from @2, @3, the-latter part of a4, and the four loops
a2-B4, a3-B5, ad4-p6, and B4-a3 (see Fig. 4 of ref. 13). Of
these, two occur within switch regions; the a2-$4 loop lies at
the end of switch IT and the B4-a3 loop corresponds to the
switch IIT region,

G, - GTP activates cGMP PDE by binding to and displacing
its inhibitory y-subunits*. Studies with synthetic peptides have
implicated two segments of G, in binding to PDEy . A peptide,
encompassing a4 and the a4-§6 loop, binds PDEy (dissociation
constant, K;~2 pM) and activates PDE>®, However, we do not
observe significant conformational changes in the ¢4~ 6 activat-
ing region (293-314). In fact, the «4-86 loop appears to be
quite flexible in both nucleotide-bound forms of G,,, as shown
by equally large main chain B-factors ({ B> ~50). A second pep-
tide, beginning in the switch III region and extending through
@3, binds PDEy but does not activate PDE (J. Mills, manuscript
in preparation). Switch III contains a cluster of acidic residucs
Glu 232-Asp-Asp-Glu 235 that counld potentially interact with
the highly basic central segment of PDEy. Mutational studies

FIG. 4 Stereo pair of space filling
models showing the same structures
and view as in Fig. 1b and c. Resi-
dues in the switch regions are shown
in cyan except for the gold residues
which are those that propagate/sta-
bilize the structural transitions
induced by the y-phosphate. The box
outlines a cavity in G, -GDP that
closes on introduction of GTP and
may be a region of G, that along
with the amino and carboxy termini
modulates the affinity of G, for Gy,
and receptor. a, G.-GDP. b,
Gy - GTP-yS.
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have also implicated a switch II residue, Trp 207, in the inter-
action with PDEy".

In vivo studies with G;,—G,, chimaeras have implicated three
loops, a2-54, a3-835, and a4-86, in G,, activation of adenylyl
cyclase®. Of these only the a2-B4 loop exhibits a clearly identi-
fiable structural change on nucleotide exchange. Indeed the
sequence segment of G, that was inserted in the a2-84 loop is
identical to that of G,, and maps directly onto the reverse turn
at the end of a2 (see Fig. le), suggesting a plausible mechanism
for G, activation of adenylyl cyclase in which disruption of this
reverse turn on nucleotide exchange releases residues that, with
the other cffector interaction regions of G,,, cooperatively
enhance affinity for adenylyl cyclase.

Comparison with p21 Ras and EF-Tu

The switch I and II regions of G,, are analogous to switch
regions in Ras® '® and EF-Tu'""*** whereas switch TIT is unique
to the heterotrimeric family of G proteins. Aside from the con-
served threonine and glycine residues, the switch I and 1T regions
exhibit little if any sequence similarity to the corresponding
switch regions of Ras or EF-Tu and, despite highly conserved
contacts with the y-phosphate of GTP, both the nature and
extent of the resulting structural changes are guite distinct. In
G, the changes in the switch I region begin at Ser 173, extend
through linker 2, and include a portion of B3. Nucleotide
exchange is accompanied by movement of the whole of this
region. In Ras, by contrast, the key clement of the switch I
conformational rearrangement is a 180° flip of the peptide back-
bone bringing Thr 35 (corresponding to Thr 177 in G,,) from a
solvent-exposed orientation in the GDP form into contact with
the y-phosphate and Mg®" ion. The changes in the correspond-
ing region of EF-Tu are obscured by the absence, due to proteo-
lysis, of 17 residues IN-terminal to the conserved threonine in the
EF-Tu- GDP structure'".

Likewise, the changes in the switch I region are also distinctly
different. Although a portion of the switch II region is disordered
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in the GDP form of Ras, the conformational changes in the
switch II region appear to resemble the changes in EF-Tu where
GTP binding results in the addition of an extra helical turn at
the carboxyl end of a2 at the expense of a turn at the beginning
of the helix'% In conjunction with this, the a2 helix rotates by
~40° about an axis perpendicular to the helical axis. In Gy,
rather than losing a turn at the beginning and gaining a turn at
the end of a2, the GTP-induced changes straighten out an other-
wise distorted 3, helix while disrupting a reverse turn at the end
of the helix. Furthermore, the rotation of the helical axis seen
in p21 Ras and EF-Tu is replaced by a ~90° rotation roughly
paraliel to (but not coincident with) the helical axis. Finally, the

partial unzipping of f3-§1 and concomitant extension of
B3-P2 that couples the switch I and II regions in G,,, does
not occur in either Ras*'® or EF-Tu'>. Most distinctive jg
the presence in G, of a set of polar and nonpolar linkageg
that couple the primary structural changes, induced by inter.
action with the y-phosphate, to nearby surface elements, some
of which have been implicated in interactions with other
components of the signalling system. Because these linkages
are formed by residues that are unique to and conserved in
G, subunits we suggest that they provide the basis for g
common switch mechanism in heterotrimeric G-protein-
coupled signal transduction. 0
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Dust depletion in the inner
disk of [} Pictoris as a
possible indicator of planets

P. 0. Lagage & E. Pantin

C.E.A., DSM, DAPNIA, Service d'Astrophysique, C.E. Saclay,
F-91.191 Gif-sur-Yvette Cédex, France

IT is not yet possible to see planets orbiting other stars, although
this may soon change as observing methods improve'. Indirect
evidence for the presence of circumstellar dust disks out of which
planets could form has been obtained for several stars, in the form
of excess infrared emission, presumed to be from the hot dust™>,
Planets orbiting in such dust disks would be expected to sweep out
dust-free tracks®. Indirect evidence for dust-free regions has been
reported®”, based on an analysis of the spectral energy distribu-
tion, but the interpretation of the observation is not unique™”, Here
we present an infrared image of the inner dust disk of the star
B Pictoris with a linear resolution of 3 astronomical units (av),
equivalent to the distance from the Sun to Jupiter. We find that
the dust is asymmetrically distributed and is clearly depleted within
40 au of the star, which we interpret as indicating the possible
presence of at least one planetary body orbiting f Pictoris.

The 10-pm region is one of the best speetral ranges to achieve
high angular resolution for an object like the f Pictoris disk.

628

The outer part of the disk (=100 au) has been first imaged with
ground-based observations in the visible part of the spectrum'®.
But because of too high a contrast between the star and the disk
emission, the disk structure within 2.5 arcsec of the star (40 AU
at the distance of B Pictoris, 16 pc) has been inaccessible until
now, even with sophisticated techniques such as coronagraphic
optics or anti-blooming CCDs (charge-coupled devices)' .
Observing at 10 pm alleviates this problem, because the thermal
emission from dust is comparable in intensity to the photosph-
eric emission of the star, while the diffraction-limited angular
resolution is still high: 0.7 arcsec for a 3-m telescope. This resolu-
tion, which has not been achieved with either single detectors or
with arrays of discrete detectors®” is now accessible with the new
generation of integrated detector arrays. The European Southern
Observatory (ESO) has recently acquired an instrument that
employs such a device: the TIMMI camera, built by the Service
d’Astrophysique at Saclay'. The detector is a monolithic 64 x 64
gallium-doped silicon array hybridized by indium bumps 1o 2
direct read out circuit, optimized by the LIR (Laboratoire Infra-
Rouge) at the Grenoble Centre d’Etudes Nucléaires for the high-
background conditions of ground-based broad-band imaging.
The TIMMI camera mounted on the 3.6-m telescope at the ESO,
La Silia, Chile was used during five nights (6--11 January 1993)
for imaging the B Pictoris dust disk at sub-arcsec resolution.
The disk structure observed after an on-source integration
time of 75 min (spread over three nights) with a pixel field of
view of 0.3 arcsec and a 10.5-13.3 um band-pass filter is shown
in Figs 1 (main figure) and 2; the signal-to-noise ratio at the
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